Ionic polymer-metal composites (IPMCs) are biomimetic actuators and sensors. A typical IPMC consists of a thin perfluorinated ionomer membrane, with noble metal electrodes plated on both faces, and neutralized with the necessary amount of cations. A cantilevered strip of IPMC responds to an electric stimulus by generating large bending motions and, conversely, produces an electric potential upon sudden bending deformations. IPMCs have been considered for potential applications in artificial muscles, robotic systems, and biomedical devices.
Introduction
Ionic polymer-metal composites (IPMCs), one of the emerging classes of electro-active polymers and smart materials, are soft bending actuators and sensors (Oguro et al 1992 , Sadeghipour et al 1992 . An IPMC generally consists of a thin backbone polyelectrolyte membrane with noblemetal electrodes chemically plated on both of its faces, and neutralized using the necessary amount of cations to balance the negative charges of the anions that are covalently fixed to the backbone ionomer (see figure 1) . The backbone ionomer can be perfluoro-sulfonate, e.g., Nafion-117 ® (DuPont, 0.18 mm thick, 1100 g mol −1 of equivalent weight), or it can be perfluoro-carboxylate, e.g., Flemion-1.44 ® (Asahi Glass, 0.14 mm thick, 690 g mol −1 of equivalent weight). In Pt/Au-plated Nafion-based IPMCs (Shahinpoor and Kim 2001) , platinum particles deeply diffuse into the ionomer membrane with a decreasing density through the thickness. The electrodes in Au-plated Flemion-based IPMCs (Onishi et al 2000) have a fine dendritic structure with high interfacial area, ideal for enhancing the IPMC's capacitance. The counter ions that have been used include alkali metals, i.e., Li + , Na + , K + , Rb + , and Cs + ; multivalent cations such as Mg 2+ and Al 3+ ; and alkyl-ammonium cations, tetra-methylammonium (TMA + ) and tetra-butyl-ammonium (TBA + ). When a strip of IPMC sample in the hydrated state is stimulated by a small (1-2 V) alternating current (AC), it shows a large bending vibration at the applied frequency. When the same IPMC membrane is suddenly bent, a small voltage of the order of millivolts is generated across its surfaces. Thus, IPMCs can serve as soft actuators and sensors. IPMCs may have certain advantages over some of the traditional electro-active materials. They require only a modest operating voltage (1-2 V), show relatively fast responses (tenths of Hz), generate large bending tip displacements (up to 10% of the gauge length), have intrinsic sensor-actuator capabilities, and are light in weight, compact in design, and can operate in liquid or open air (Akle et al 2005) . Using these features, various prototype designs have been investigated for potential applications in the fields of micro-robotics (Paquette and Kim 2004) , artificial muscles (Madden et al 2004) , biomedical devices (Smela 2003) , and control systems. Examples include robotic fingers and grippers for planetary missions (Bar-Cohen et al 1997) , catheter tips for intravascular neurosurgery (Sewa et al 1998 , Oguro et al 1999 , a dust wiper developed for the Nanorover's camera window (Bar-Cohen et al 2000) , and a robotic fish that can swim in water (EAMEX Corporation).
In our previous work (Nemat-Nasser 2002, Nemat-Nasser and Wu 2003 , Wu 2005 , various experimental techniques Hydrophilic polymeric anions are separated from the hydrophobic fluorocarbon backbone, forming spherical clusters connected by short narrow channels. When subjected to an electric field, the unbound cations are free to move within the water that permeates the interconnected clusters.
to characterize bare ionomers and their corresponding IPMCs have been introduced and used to study the physical, electrical, and mechanical properties of IPMCs of various microstructures and compositions. In particular, we have shown that Flemion ionomers with carboxylate side groups have higher ionexchange capacity, higher stiffness, and greater water uptake than Nafion ionomers (Nemat-Nasser and Wu 2003) . The actuation of Flemion-based IPMCs in alkali-metal cation forms under a direct current (DC) step-function shows an initial fast bending towards the anode, followed by a slow motion in the same direction. Its actuation deformation is directly related to the cation charge accumulation in a boundary layer near the cathode. In contrast, the Nafion-based IPMCs in alkali-metal cation forms have an initial fast bending towards the anode, followed by a slow relaxation in the opposite direction, as cations continue to accumulate within the cathode boundary layer. This observation discloses that the electrostatic forces are dominant over the osmotic and hydraulic pressures, as has been suggested by Nemat-Nasser (2002) . On the other hand, the actuation of both Nafion-and Flemion-based IPMCs in TBA + -form consists of a continuous slow motion towards the anode.
To describe the nano-structure of the ion-exchange membranes and explain the ion and water transportation phenomena within the membrane, a cluster-network model has been introduced by Hsu 1982, Hsu and Gierke 1983) . The fluorocarbon backbone of the ionomer is hydrophobic and the anionic side chains are hydrophilic, resulting in the formation of an interconnected cluster network in the hydrated membrane. The anions within the clusters are covalently attached to the polymer matrix, while under suitable conditions such as the action of an electric field, the associated unbound cations can move through the water that permeates the interconnected clusters (Li and Nemat-Nasser 2000) , as is illustrated in figure 2. This model has been supported by many experimental observations (Gierke et al 1981 , Roche et al 1980 , Xue et al 1989 , James et al 2000 .
A nano-scaled, physics-based model was developed by Nemat-Nasser (2002) to explain the mechanism of IPMC actuation; a brief summary of the basic equations is presented in the appendix. The application of the electric potential causes cations to migrate towards the cathode. As a result, the clusters near the anode are depleted of cations and a thin anode boundary layer is formed, whereas the clusters near the cathode are rendered cation rich, and a thin cathode boundary layer is formed. The local (within a typical cluster) charge imbalance induces changes in the electrostatic forces and osmotic pressures within the clusters in the two boundary layers, while the overall electric charge neutrality is maintained. These forces change the volume of the cluster until they are equilibrated by the resulting elastic resistance of the polymer matrix. The unbalanced overall cluster pressure drives water molecules into or out of clusters. The resulting volume changes of the boundary-layer clusters thus produce the macroscopic bending deformation of an IPMC strip. Using the coupled chemo-electro-mechanical formulae, the longitudinal stiffness of IPMCs, the charge distribution along the thickness, the boundary-layer cluster pressures and the resulting water uptake, and the actuation displacement rate are calculated as functions of time and distance, as summarized in the appendix. The model also identifies important parameters that can be modified through IPMC fabrication techniques in order to yield optimal actuations.
The experimental and modeling results clearly show that the ionomer's microstructure and composition, the electrode morphology, the degree of hydration (or other solvent uptake), the nature of the neutralizing cations, and the time variation of the applied electric field, are all essential factors that affect the actuation response of an IPMC. Based on this observation, various novel methods are explored in order to control the IPMCs' actuation motions, to obtain diverse actuation behaviors, and to achieve optimized electromechanical responses, as will be discussed in the sequel.
Improving the ionomer and electrode morphology
The nano-structure of the ionomer membrane and the morphology of the electrodes determine the water and cation transportation properties and the electric conductivity of an IPMC, and thereby strongly affect its actuation. An optimized backbone ionomer must have good ion-exchange capacity, and an optimized electrode must have a very large interfacial surface area (Baughman 2005) and good surface conductivity. The resulting IPMC should have large areal capacitance and suitable bending stiffness. Direct improvements can thus be realized through proper material selection and enhanced manufacturing techniques. We have limited our study to the Nafion-and Flemion-based IPMCs, but there are other attractive alternatives that should be explored, e.g., styrenebased composites. Our presentation here is based on many years of experimental characterization and nano-mechanical modeling. Similar efforts are required in order to assess other attractive alternatives.
The electric capacitance of an IPMC has a significant effect on its actuation. The modeling results show that the tip displacement is proportional to the square root of the areal capacitance (Nemat-Nasser 2002) . This is illustrated in figure 3 , where the tip displacement of a Nafion-based IPMC in Na + -form is calculated for indicated values of the capacitance; see table 1 for the values of the parameters used in this calculation. Modeling results: the effect of capacitance on the actuation of a Nafion-based IPMC in Na + -form, where a 1 V DC step-function is applied and then shorted. The resulting tip displacement is proportional to the square root of the capacitance. 
Increasing the hydration level
The cation migration occurs within the solvent of the IPMC, and the rate of ion migration depends on the solvent type Leo 2004, Nemat-Nasser and Zamani 2006) , solution concentration, the cation size, the charge of the diffusing species, and the structure of the membrane. With the increasing water content, the ionic clusters undergo a dynamic process of swelling and reconfiguration (Gierke et al 1981) . The stiffness of an IPMC also depends on its hydration level. Our study shows that a dry IPMC sample may have a stiffness that is more than 10 times greater than when it is water-saturated. Thus, the initial water uptake of an IPMC sample and its corresponding cluster size are important factors that affect the IPMC's actuation amplitude. Figure 4 shows the calculated actuation displacement of a Nafion-1200-based IPMC in Li + -form, where the cluster sizes (denoted as a) are obtained from (Gierke et al 1981) and the water uptake is measured in terms of hydration volume (w), defined as the volume of the absorbed water, V H2O , divided by the dry volume of the sample, V dry , as follows:
The results show that an IPMC with higher water uptake (and thus larger cluster size) yields a larger actuation magnitude.
Thus, it is essential to keep the IPMC water-saturated during the operation. Proper encapsulation techniques may be developed to preserve the saturation level during the IPMC's actuation in open air.
Hydration level and temperature
The water uptake of a bare ionomer or an IPMC is related to the nano-structure of the membrane, the associated cation type, the sample's hydration and thermal history, the state of the environmental water, the temperature, and the presence and concentration of the electrolyte (Gottesfeld and Zawodzinski 1997) .
The effects of the temperature on the amount of water uptake of ionomers and IPMCs are examined using a bare Nafion and a Nafion-based IPMC in Na + -form. Their masses at a completely dry state (placed in an oven under vacuum for 24 h) are measured. Then the samples are immersed in a water bath of a certain temperature, ranging from 0 to 100
• C, for 1 h, after which, the wet masses, M wet (T ), are measured at various bath temperatures. The hydration mass, w , defined as the mass of the absorbed water, M H2O , divided by the mass of the sample in its dry state, M dry , is calculated at each temperature, The results of the hydration mass as a function of the electrolyte temperature are plotted in figure 5 , where the upper circular data points and the solid line are the weight measurements of the bare Nafion membrane and their linear fit; and the lower triangular data points and the solid line are the weight measurements of the Nafion IPMC and the corresponding linear fit. As can be seen, the water uptake of both bare Nafion and Nafion-based IPMC increases with the increasing hydration temperature (Gebel et al 1993) . This relation is essentially linear for the temperature range considered. Assuming that the metal content of the IPMC sample tested is 40% of its total dry mass, the water uptake of the Nafion ionomer portion of the IPMC is then calculated using M dry × 0.60/M H2O . The mass of the associated cation is very small for alkali metals and is ignored in this calculation. The results are plotted with a dashed line in figure 5, which almost overlaps the test data obtained for the bare Nafion membrane. This method provides another way to determine the metal content of an IPMC (Nemat-Nasser and Wu 2003) .
Since the amount of hydration is dependent not on the current temperature but on the highest bath temperature to which the membrane has been exposed (Gottesfeld and Zawodzinski 1997) , the hydration level remains stable in a room-temperature bath. Thus, it is possible to control the hydration level of the IPMC, and thereby study its effects on the resulting actuation.
Hydration level and electrolyte concentration
Certain applications may require IPMCs to be operated in the electrolyte solutions instead of in pure water. Another test is performed to examine the cation and water uptake of ionomers in baths of various electrolyte concentrations. A bare Nafion membrane is changed into the Na + -form, following a typical ion-exchange procedure. Its mass at the water-saturated, M wet (0), and completely dry, M dry (0), states are measured. Then the sample is immersed in a NaCl solution with a certain concentration (m, in mol l −1 ) at room temperature, for 24 h. 
at each concentration level, and the cation (Na + ) uptake,
measured in moles, are calculated, where FW NaCl = 58.5 g mol −1 is the formula weight of NaCl. In figure 6 , the results of the cation (left y-axis) and water (right y-axis) uptakes are plotted. It is seen that, when an ionomer membrane or IPMC is placed in an electrolyte solution of the same cation, more cations may be absorbed and water may be lost by the membrane, depending on the solution's electrolyte concentration. This suggests that, when an IPMC strip is actuated in a high-concentration electrolyte solution, more cations are added to the clusters in the cathode boundary layer, increasing the actuation amplitude, while at the same time, the concomitant water loss may be hindering the cation migration rate and hence diminishing the actuation activity.
Optimizing the cation composition

Various single cations
The actuation performance can be tailored by suitable choice of the cation (Nemat-Nasser and Thomas 2001 , Onishi et al 2001 . Substitution of various alkali-metal cations (Li + , Na + , K + , Rb + , and Cs + ) or alkyl-ammonium cations (TMA + , TEA + , TPA + , and TBA + ) yields varied deflection speeds, displacement, and degrees of relaxation for the same strip of IPMC. A detailed discussion of these monovalent cation forms has been given by Nemat-Nasser and Wu (2003) . It has been shown that, when a 1.0 V DC step-function is applied, the actuation of a Nafion-based IPMC in the TBA + -form involves a very slow displacement towards the anode without any back relaxation; upon shorting, the sample moves towards the cathode at an even slower speed, leaving a large permanent displacement towards the anode side, as is illustrated in figure 7 (a). A TBA + cation has an estimated effective diameter of 1 nm (Robinson and Stokes 1965) . This is of the same order of magnitude as the estimated opening of the channels that connect the ionomer clusters, resulting in a rather slow movement of this cation within the ionomer, and thus longer time for its redistribution under the action of an electric field. Using the actuation model developed by Nemat-Nasser (2002) , the calculation results are plotted in the same figure; see table 1 for the list of parameters used, and the appendix for model equations.
The bivalent cation Mg 2+ and the trivalent cation Al (c), together with the corresponding modeling results. As for the monovalent cations, the actuation of Nafion-based IPMCs in Mg 2+ -and Al 3+ -form shows an initial fast motion towards the anode, followed by a slow back relaxation towards the cathode. At the equilibrium state, the sample in Mg 2+ -form nearly returns to its original position, whereas the sample in the Al 3+ -form shows a great amount of overshooting (Newbury and Leo 2002) . Figure 8 compares the initial motion of these samples with that of the Na + -form. It is observed that the amplitude (maximum tip displacement towards the anode) is similar for all three cations, being 3.3-4.3% of the gauge length. However, the rate of this deformation is very different, with the Na + -form being the fastest (reaching the maximum amplitude in 0.09 s), and the Al 3+ -form being the slowest (reaching the maximum amplitude in 1.52 s). The multivalent cations have higher charges and are associated with more than one sulfonate anion. The strong electrostatic forces may reduce the rate of charge transportation, resulting in a slow response upon the application of electric stimuli.
The micro-mechanical model that has been proposed by Nemat-Nasser (2002) is used to calculate the longitudinal stiffness of bare Nafion membranes and Nafion-based IPMCs at various hydration states. A brief account of this model is presented in the appendix. As illustrated in figure 9 , the calculation results show good agreement with the experimental measurements. These results are used to estimate the actuation displacement of the corresponding IPMC sample in figure 7.
Development of cation combinations
An optimized IPMC should have a fast response speed, show large bending deformation, and be able to maintain this deformation over a given time period. These properties may be attained by suitably combining the alkali-metal and alkylammonium cations in the same IPMC. We have discovered that when an IPMC is neutralized by the combined Na + and TBA + cations to produce a suitable Na-TBA-form membrane, a different actuation behavior results. The proportion of cations can be tailored to obtain a desired actuation response, e.g., to control the duration, speed, and amplitude of the initial motion towards the anode, or the magnitude and speed of the subsequent relaxation.
A series of cation combination tests on both Nafion-and Flemion-based IPMCs is carried out. Various characteristic parameters of the IPMCs in different cation compositions are measured and compared. A summary of the important results is presented here. 
Description of experiments. Nafion-and Flemionbased IPMCs in the initial Na
+ -form are prepared. After recording the actuation in the pure Na + -form, the strips are immersed in a 70
• C, 0.5 mol l −1 TBA + hydroxide solution and kept there for different time periods (several minutes). Because of the membrane's selective cation affinity, TBA + gradually replaces the Na + . Before this cation exchange is fully completed, samples are removed from the solution and rinsed in DI water, with both the Na + and the TBA + cations present in the strips. After a series of measurements, the samples are placed in the same solution for an additional time period to allow further substitution of Na + by TBA + , followed by the same set of measurements. This procedure is repeated until a pure TBA + -form is attained.
Determination of cation composition.
The composition of each Na-TBA cation combination is established from the corresponding measured dry mass (M dry ) of the IPMC. The sample's dry mass increases with increasing amounts of TBA + cation. Each IPMC sample has a constant ion capacity (fixed number of moles of anions), and a fixed amount of ionomers and metal electrodes. Therefore, the change in its total mass reflects the change in the cation composition. From the sample's dry masses in the pure Na + -form and that in the pure TBA + -form, the ion capacity (measured in moles) can be determined from the slope of the 'M dry versus FW' curve (NematNasser and Wu 2003) . Then, the amount of each cation in each cation combination is obtained from the corresponding dry mass. Some typical results are reported in table 2. From the ion capacity of the sample, and the equivalent weight of its ionomer membrane, the amount of ionomer and metal plating in the IPMC can be established.
It is found that under the same conditions (temperature, solution concentration, and exposure duration), a Flemionbased IPMC in Na + -form absorbs a greater amount of TBA + (replacing Na + ) than the corresponding Nafion-based IPMC does, suggesting that Flemion ionomers have a higher Na + to TBA + exchange rate.
Results and analysis.
Figure 10(a) shows the actuation of Nafion-based IPMCs in the indicated cation forms, where the numbers represent the per cent amount of TBA + (by mole), with the balance being Na + ; e.g., 0% stands for the pure Na + -form. For the Nafion-based IPMCs in the combined Na-TBA forms, it is seen that the amplitude towards the anode is doubled compared with that of the pure Na + -form; with the increasing amount of TBA + , the duration of the motion towards the anode is extended (up to 5 s) and the degree of the back relaxation towards the cathode is reduced. The large size of the TBA + cation and its slow mobility within the ionomer membrane provide an explanation for the reduced deformation speed of the corresponding IPMC (Bar-Cohen et al 2001). Thus, under an alternating current (AC) of a given frequency, it may be possible to adjust the cation combination so as to maximize the actuation amplitude and minimize (or eliminate) the back relaxation.
Figure 10(b) shows the actuation results of the Flemionbased IPMCs. With the increasing amount of TBA + cation, the magnitude and speed of the initial motion towards the anode decrease; the final tip displacement towards the anode, however, increases. Thus, Flemion-based IPMCs in the pure Na + -form or with small amounts of TBA + have good highfrequency AC actuation, whereas those with large amounts of TBA + have good low-frequency AC actuation.
Transported charge.
The amount of transported charge is calculated by the time-integration of the measured current for each sample at each cation combination stage. In a comparison with the corresponding tip displacement, NematNasser and Wu (2003) show that the charge accumulation for the Flemion-based IPMCs is linearly related to their tip displacement over the entire actuation process (see their figure 10 ). For Nafion-based IPMCs, a very different phenomenon is observed. The initial speed of the fast displacement towards the anode proportionally correlates with the speed of charge accumulation. After this fast motion, while charges are still being transported to the cathode boundary layer, the sample shows an extensive back relaxation in the opposite direction; see figure 11 of Nemat-Nasser and Wu (2003) .
As large-size TBA + molecules diffuse into the membrane, both Nafion-and Flemion-based IPMCs greatly swell, expanding the pre-existing micro-cracks in the membrane's electrodes, and thereby reducing the surface conductivity of the IPMC (especially for the Nafion-based IPMCs). This tends to reduce the actuation activities. The measurements show that the dry volume increases and the water uptake decreases linearly with the increasing amount of TBA + uptake. Nevertheless, the Flemion-based IPMCs always have higher hydration levels and better surface conductivities than the Nafion-based ones (Nemat-Nasser and Wu 2003).
Significance of results.
The method of ion-exchange reaction can be tailored to obtain IPMCs in the desired combined-cation forms. For IPMCs in various Na-TBA cation compositions, the actuation behavior, as well as other physical properties, show remarkable variations, depending on the proportion of the cations. The duration of the initial bending towards the anode and the subsequent relaxation towards the cathode, for Nafion-based IPMCs can be controlled by properly adjusting the corresponding cation combination. For Nafion-based IPMCs in Na-TBA forms, the actuation can be greatly improved. Compared with the option of using different single cations, the method of cation combination proves to be more promising because the actuation behavior obtained is more diverse. For certain requirements in actual applications, we may always find a cation composition for which IPMC samples show optimized actuation behavior.
Controlling time variation of applied electric potential
Up to this point, we have examined the actuation response of Nafion-and Flemion-based IPMCs under suddenly applied DC step potentials. To tailor the electro-mechanical response of IPMCs and further disclose the underpinning actuation mechanisms, we now consider the effect of time variation of applied DC and AC electric potentials.
Linear time variation of applied potential
Description of experiment. First, a Nafion-based IPMC in Na
+ -form is actuated by a suddenly applied and maintained 1.0 V DC potential (path A in figure 11) . After recording the actuation data, the sample is shorted for a few hours. Then, starting from the electrically neutral state, the same sample is actuated by an electric potential that increases linearly from 0 to 1.0 V in 10 s and then remains constant at 1.0 V for the rest of the experiment (path B in figure 11) . The sample is then again neutralized for a few hours, and actuated by a potential that increases linearly from 0 to 1.0 V in 20 s and then remains constant at 1.0 V for the rest of the experiment (path C in figure 11 ). The same tests are also performed on Flemion-based IPMC samples.
Results and analysis.
The current across the sample's thickness and the transported charge when a Nafion-based IPMC is actuated using paths A, B, and C are plotted in figure 12 . The corresponding tip displacement is plotted in figure 13 . As we have shown previously (Nemat-Nasser and Wu 2003), for a suddenly imposed 1.0 V DC step potential, the sample's current increases abruptly (to 60 mA in 0.01 s) and then gradually falls to a small value. The accumulated charge, obtained by the time-integration of the measured current upon subtraction of the measured residual current, increases continuously throughout the entire actuation process until reaching an equilibrium state; see figure 12(a) . Correspondingly, the sample shows a fast motion towards the anode, followed by a slow relaxation towards the cathode; see figure 13 (a). When the same Nafion-based IPMC is actuated using path B, the sample's current increases gradually to 9.2 mA in 10.0 s and then decreases to 0.26 mA. The calculated transported charge has a relatively slow accumulation rate compared with that of the first test. Correspondingly, the sample shows a very small amount of initial bending towards the anode, i.e., 1/50 of that in the previous test, and then slowly relaxes back towards the cathode, followed by a second-phase relaxation towards the anode until equilibrium. When path C actuation is used, the charge accumulation at the cathode is even slower, and the sample's initial bending towards the anode is completely eliminated. The same results are also obtained for the Nafion-based IPMCs in other alkali-metal cation forms.
The above experimental observations provide additional evidence supporting Nemat-Nasser's IPMC actuation model (Nemat-Nasser 2002). By applying a slowly increasing potential, the charge transportation for the IPMC sample can be slowed down, providing sufficient time for extensive cation redistribution within the clusters in the cathode boundary layer. For the Nafion-based IPMCs, the strength of the sulfonate molecules covalently attached to the backbone elastomer in the cation rich clusters causes cation reconfiguration, modifying the electrostatic interaction forces. The interaction between cations and cation-anion pseudo-dipoles may thus be diminished to zero or can even become negative. In this manner, motion towards the anode may be totally eliminated, leading to only a slow relaxation towards the cathode, as is suggested by our experimental results. The results in figures 12 and 13 show the cation transportation towards the cathode while the clusters in the cathode boundary layer are actually contracting. It is clear, particularly for the actuation test with the electric path C, that the electrostatic forces are dominant over the osmotic and hydraulic pressures, suggesting that the cations rather than their solvation water molecules are of primary importance.
When Flemion-based IPMC samples are actuated under electric paths A, B, and C, the time variation of the measured current and the calculated transported charge are similar to the corresponding ones in figure 12 , but the current flow is now about one order of magnitude smaller than that for the Nafionbased IPMC. The corresponding normalized tip displacement and the normalized transported charge are plotted in figure 14 . The transported charge is normalized by dividing it by the total fixed charge in the sample that is calculated from the sample's ion capacity. Consistent with our earlier observations for Flemion-based IPMCs under a suddenly imposed DC step voltage, the sample's initial fast motion towards the anode is always followed by a slow relaxation in the same direction. The curves in figures 14(a)-(c) correspond to applied potentials with progressively slower (linear) time variations. In each case, the sample moves towards the anode continuously, with a reduced speed, proportional to the corresponding applied voltage, and the normalized tip displacement is always linearly related to the normalized transported charge, having a fixed factor depending on the Flemion-based IPMC sample. For the sample corresponding to figures 14(b) and (c) (the same sample) this factor is 25, and for that (different sample) associated with figure 14(a) it is 16.
Unlike the sulfonates in the Nafion-based IPMCs, the carboxylate side groups of Flemion-based IPMCs do not have strong enough acidity to force cation redistribution in the clusters of the cathode boundary layer (Nemat-Nasser 2002) . This results in a continued actuation deformation towards the anode, directly related to the amount of charge accumulation in the cathode boundary layer.
Significance of results.
By applying potentials of different time variation, the actuation behavior of both Nafion- and Flemion-based IPMCs can be controlled and optimized for certain applications. The bending motion towards the anode can be ultimately eliminated when a Nafion-based IPMC is actuated by a slowly ramped electric potential. This has profound implications in understanding the actuation mechanisms and verifying the actuation models.
Alternating current actuation
In this section, the effects of various AC waveforms on IPMC actuation are presented and analyzed. It is found that the tip displacement of a cantilevered IPMC, and its time variation, strongly depend on the magnitude, the frequency, and the time profile of the applied potential waveform. Figure 15 shows examples of AC actuation, where a 1.0 V square waveform at 1.0 and 0.25 Hz is applied to a Nafionbased IPMC in Na + -form. The actuation characteristics (including current, potential, and displacement) are similar to those we have observed for a DC potential. The measurement results of the normalized tip displacement and the transported charge are given and compared in figure 15 . At the higher frequency (1.0 Hz), the sample moves uniformly towards the anode without back relaxation (the change of the applied potential's polarity does not provide enough time for back relaxation). The displacement correlates with the charge accumulation at the cathode boundary layer. The oscillation observed at each displacement peak is due to the initial jerk of the cantilevered strip. At lower frequencies (e.g., 0.25 Hz), the sample has an initial fast bending motion towards the anode, as soon as the potential field is applied, producing a rapid initial charge distribution. This is then followed by a slow back relaxation while cations are still being transported into the cathode boundary layer clusters. The maximum tip displacement at the anode and cathode sides may be unequal, due to the sample's anisotropic properties (e.g., initial curvature, non-uniform surface conductivity). The magnitude of the initial fast motion and the degree of the following back relaxation depend on the frequency of the applied electric potential and its waveform (discussed below).
The actuations under sine and triangular waveforms are similar to those of linear ramped potentials. For these waveforms, charge accumulation within the cathode boundary layer has slower rates; see figure 16 , where a 1.0 V sine waveform at 0.25 Hz is applied to a Nafion-based IPMC in Na + -form. As a result, the tip displacement, the current, and the potential across the sample's thickness also build up slowly, with time profiles similar to those of the applied electric field, but with a certain time delay. Note that the polarity and the charge-transportation direction reversal may not produce an immediately measurable variation in the data, especially for the lower frequency applied electric potential. Thus, the synchronization of the applied potential and the measured data (sample's deformation, current, and potential) is essential.
The measured tip displacement and transported charge for a Nafion-based IPMC in Na + -form under indicated AC electric waveforms are compared in figure 17 , where the tip-displacement amplitude refers to the average value of the maximum tip displacement at the anode and cathode sides. Lower frequencies allow sufficient time for charge accumulation and hence produce higher amplitudes. The square waveform, which delivers a higher energy density, produces a higher amplitude than the sine waveform, which in turn produces a larger amplitude than the triangular waveform does. Figure 17(b) relates the charge accumulation to the corresponding tip-displacement amplitude. As is seen, a linear relation seems to exist between the transported charge and the resulting tip-displacement amplitude.
Conclusions
Ionic polymer-metal composites, one of the electro-active polymers and smart materials, are soft biomimetic bending actuators and sensors. Their electro-mechanical responses depend on the ionomer and the electrode morphology, the degree of hydration, the cation composition, and the applied electric waveform. The effect of each of these factors on the IPMC actuation is characterized, qualitatively and quantitatively. Several novel methods to optimize and control the actuation responses are discussed.
Different monovalent and multivalent cations yield different actuation speed, maximum tip displacement, and back relaxation for the same strip of a Nafion-based IPMC. Generally, multivalent cations produce slower responses to an applied electric potential as compared with those of monovalent cations. Among the IPMCs that we tested, the Flemion-based ones in the TBA + -form show the greatest tip displacement without back relaxation, at the slowest speed.
The ion-exchange reaction can be tailored in order to obtain IPMCs in a desired combined-cation form. For IPMCs in various Na-TBA cation compositions, the actuation behaviors as well as other physical properties show remarkable variations from those of the pure Na + -form to those of the pure TBA + -form. The duration of the initial bending towards the anode, and the subsequent relaxation towards the cathode of Nafion-based IPMCs, can be controlled by properly adjusting the corresponding cation content. For Nafion-based IPMCs in the Na-TBA combined-cation forms, the actuation activities can be greatly improved. The actuation deformation of Flemion-based IPMCs is linearly related to the amount of charge accumulation at the cathode boundary.
The time variation of the electro-mechanical response of an IPMC can be controlled by the application of electric fields with suitable time variation. Various DC and AC electric functions have been used to actuate IPMCs. By applying a slowly increasing potential field, the Nafion-based IPMCs' initial displacement towards the anode can be controlled and actually eliminated. This experimental observation has significant bearing on the understanding of the nano-scale actuation mechanisms, and on the verification of the existing actuation models. The actuation response of IPMCs under various AC waveforms of different frequencies is measured and related to the charge transportation to and accumulation in the anode boundary layer. These experiments show that the time variation of the charge distribution and the resulting electrostatic forces within the anode and cathode boundary layers are the dominant factors is controlling the observed actuation of IPMCs. Low frequencies and square waveforms may be used to obtain optimal actuation amplitudes. 
Appendix. Actuation modeling
A nano-scaled, physics-based model to estimate the electromechanical responses of IPMCs has been developed by NematNasser (2002) . A brief summary of the basic equations is presented here and the results are applied to predict the longitudinal stiffness (figure 9) and the actuation displacement (figures 3, 4, and 7) of IPMCs in various indicated cation forms.
A.1. Stiffness of bare ionomer and IPMC
It is assumed that a dry sample of a bare or an IPMC membrane in an aqueous environment absorbs water until the resulting pressure within its clusters is balanced by the elastic stresses that are consequently developed within its backbone membrane. From this, the stiffness of the membrane can be calculated as a function of the water uptake for various cations. First the stiffness of the bare polymer is obtained, and then the results are used to calculate the stiffness of the corresponding IPMC by including the effect of metal electrodes.
For the backbone polymer, a neo-Hookean model is used, with the principal stresses, σ I , related to the principal stretches, λ I , by
where p 0 is an undetermined pressure to be calculated from the boundary data; in spherical coordinates, I = r, θ, ϕ, for the radial and the two hoop components; and K is an effective stiffness which depends on the cation type and the water uptake, w. Consider a spherical cavity of initial (i.e., dry state) radius a 0 , embedded at the centre of a spherical matrix of initial radius R 0 , and placed in a homogenized hydrated membrane, referred to as matrix. Using incompressibility, Nemat-Nasser (2002) shows that
2) where r 0 measures the distance from the centre of the sphere, w 0 = n 0 /(1 − n 0 ) is the volume fraction of the clusters in the dry condition, and n 0 is the initial porosity. The radial stress, σ r , must equal the cluster pressure, p c , at r 0 = a 0 ,
In addition, the consistency condition requires that the volume average of the stress tensor taken over the entire membrane must vanish. This yields
For the hydrated bare membrane in the M + -ion form, and in the absence of an applied electric field, the pressure within each cluster, p c , is the sum of an osmotic, (M + ), and an electrostatic, p DD , component, the latter being produced by the ionic interaction that may be represented by dipoledipole interaction forces. Detailed calculations of these two components are given by Nemat-Nasser (2002) . The final expression is:
where ν * = (1 + z + )/z + and z + is the valence number of the cation; F is Faraday's constant (96.487 C mol −1 ); ρ B is the dry density of the bare membrane; R = 8.31 J mol −1 K −1 is the gas constant; T = 300 K is the test temperature; κ e = κ e (w) is the effective electric permittivity in the cluster; α = α(w) is an effective dipole length; φ is the osmotic coefficient; and E W ion is the equivalent weight of the bare membrane. From (A.3) to (A.5), we obtain the solution
For small axial strains, the Young's modulus Y B of the hydrated strip of bare polymer relates to the stiffness K , by Y B = 3 K. As part of the hydration shell of an ion, water has a dielectric constant of 6, whereas as free molecules, its dielectric constant is about 78 at room temperature. The number of moles of water per mole of ion within a cluster is,
Hence, when the water uptake is less than CN moles per mole of ion within a cluster, we set κ e = 6κ 0 , where κ 0 = 8.85 × 10 −12 F m −1 is the electric permittivity of the free space and CN is the coordination number. On the other hand, when more water is available in a cluster, i.e., when m w > CN, we calculate κ e as follows:
We assume α 2 is linear in w for m w CN, (A.9) and estimate a 1 and a 2 from the experimental data. For m w > CN, we assume that the distance between the two charges forming a pseudo-dipole is controlled by the effective electric permittivity of their environment, and set
To include the effect of the metal plating of an IPMC, assume a uniaxial stress state and by volume averaging, obtain,
(A.11) where the barred quantities are the average uniaxial values of the strain and stress in the IPMC, metal, and bare polymer, respectively, and f M is the volume fraction of the metal plating in a dry sample, given by
where ρ M is the mass density of the metal plating and S F (about 0.6 for Nafion-based IPMCs) is the scaling factor, representing the weight fraction of dry polymer in the IPMC. The average stress in the bare polymer and in the metal are assumed to relate to the overall average stress of the IPMC, bȳ 
(A.14)
Here Y B is evaluated at the hydration ofw when the hydration of the IPMC is w. The latter is measured directly at various hydration levels.
A.2. Displacement rate
Consider a cantilevered strip of IPMC with unit width and length L. The thickness of the IPMC is 2H while the part of the bare ionomer is 2h. Let the x-axis measure the length along the thickness from the centre of the membrane. From the interpretation of the geometrical configuration of the pure bending deformation (Nemat-Nasser and Thomas 2001, 2004) , the tip displacement rate,u, is related to the maximum crosssectional bending strain rate,ε max , as follows:
The corresponding bending moment rate required to produce such a strain rate iṡ The strain due to the induced volume change is referred to as eigenstrain (ε * ). The eigenstrain rate (ε * ) equals one third of the volumetric strain rate (ε v ) and is calculated as a function of the water uptake as follows:
The eigenstrain rate produces the eigenstress rate (σ * ) and is related to the effective Young's modulus of the boundary layer, Y BL , byσ * = −Y BLε * , where the minus sign accounts for the compression force (negative) induced by the expansion (positive) of the boundary-layer clusters. Along with the equilibrium condition, the bending moment rate supplied by the volume change of the boundary-layer clusters,Ṁ S , can be expressed as a function of the water uptake, as follows:
By settingṀ R =Ṁ S and substituting (A.19) into (A.17), we obtain the formula to estimate the displacement rate as a function of the water uptake:
dx, (A.20) where the water uptake w(x, t) depends on the distance x along the thickness, time, t, and is related to the cluster pressure (including the electrostatic forces and the osmotic pressure) and the elastic forces of the clusters.
A.3. Charge distribution
The application of an electric potential produces two thin boundary layers, one near the anode and the other near the cathode electrodes. The clusters in the anode boundary layer are depleted of their cations, whereas those in the cathode boundary layer are supplied with additional cations. The two boundary layers, together with their corresponding charged electrodes essentially shield the central part of the IPMC from the effects of the applied electric potential. All critical processes that cause actuation occur within these two boundary layers. The charge distribution along the thickness of an IPMC membrane upon the application of an electric potential is calculated here. First, the electrostatic, the cation and water diffusion equations, and the Nernst-Planck equation are used to obtain the following basic equation (Nemat-Nasser 2002):
where E is the electric field; D + is the cation diffusion coefficient; C − is the mole concentration of the anions;κ is the overall electric permittivity and is estimated from the overall capacitance of the IPMC, Cap, byκ = 2H · Cap. Equation (A.21) provides a natural length scale l, which characterizes the length of the boundary layers; and a natural timescale τ , which characterizes the relative speed of cation redistribution.
Define the normalized charge density, Q(x, t), as follows: (A.22) where C + (x, t) is the mole concentration of the cations. Long after the application of a step potential, the charge redistribution reaches equilibrium and is independent of the time. Let the normalized charge density at this equilibrium state be Q 0 (x) = lim t→∞ Q(x, t ) . At the anode boundary layer, C + (x, t) = 0 yields the constant normalized charge density of −1. Let the thickness of this cation-depleted zone be l . Solving the basic equation (A.21), together with the continuity equation, the boundary conditions, and the overall charge balance condition, we obtain the charge distribution at the equilibrium state, as follows: 
A.4. Anode and cathode boundary layer
Using the cation distribution result, the pressure within the clusters of each boundary layer can be computed, and from this the resulting volumetric change within the corresponding layer is obtained. At the anode boundary layer (ABL), the total pressure within a cluster consists of the osmotic pressure A (t), the electrostatic components including the anion-anion interaction force p AA (t) and the dipole-dipole interaction force p ADD (t). This total pressure is resisted by the elastic pressure σ r , of the polymer matrix. Thus, the overall effective pressure acting on the ABL cluster is given by: t A (t) = −σ r (a 0 , t) + A (t) + p AA (t) + p ADD (t), (A.25) where each component can be calculated similarly as in (A.5), but as a function of the water uptake at the ABL, w A (t); see Nemat-Nasser (2002) for details.
Define the effective total length of the ABL, L A , to be
Depending on whether t A is less than or greater than the effective pressure of the surrounding bath water, the water will diffuse into or out of the ABL clusters. This water uptakecluster pressure relation can be derived from the diffusion equation. This result is approximated by the following equation:ẇ (A.27) where D A is a constant and D H2O is the hydraulic permeability coefficient. Similarly, the total cluster pressure at the cathode boundary layer (CBL) includes the osmotic pressure C (t), the dipole-dipole interaction force p CDD (t), and the dipole-cation interaction force p DC (t). This cluster pressure is balanced by the elastic resistance σ r of the polymer matrix at the equilibrium state. Thus, the overall effective pressure acting on the CBL cluster is given by:
t). (A.28)
For Nafion-based IPMCs with sulfonate side chains, extensive redistribution of the cations within the cathode clusters is expected. As a result, Nafion-based IPMCs in metallic cation forms show reverse relaxation after the initial fast motion towards the anode. To represent this, a relaxation factor, g 1 (t), is introduced to calculate the dipole-cation interaction force (Nemat-Nasser 2002), as follows: where κ C (t), α C (t), and w C (t) are the effective electric permittivity, the effective dipole length, and the water uptake of the CBL clusters, respectively; τ 1 is the relaxation time; r 0 is the equilibrium fraction of the dipole-cation interaction forces. From the charge balance, the effective total length of the CBL, L C , is approximated as:
Similarly, the diffusion-pressure relation at the CBL is:
(A.32) To obtain the normalized tip displacement rate, the integration in (A.20) can be performed separately in the ABL and CBL. Substituting the diffusion-pressure relations (A.27) and (A.30), and neglecting the small terms, we obtain the final formula:
The tip displacement of the IPMC actuation can now be calculated incrementally.
